Cadmium is a heavy metal of high environmental concern due to its high toxicity, general 3 usage pattern, industrial production and emissions from fossil fuel combustion. Although it is 4 present in the seawater at a trace levels it is readily accumulated by marine invertebrates. intracellular availability of essential metals such as Zn and Cu (Viarengo and Nott, 1993) . 13 Molluscs, crustaceans and other marine invertebrates are known to accumulate high levels of
The sea squirt Ciona intestinalis (Chordata, Urochordata, Ascidiacea) is widely distributed, 1 shallow water, solitary, sessile filter feeder. Its body is coated by a cellular exoskeleton (tunic) 2 that is soft and gelatinous and made of a fibrous network containing mucopolysaccharides 3 with blood vessels passing through the posterior pedicel. The branchial pharynx is a sac-like 4 structure that occupies most of the interior part of the body. It is considered as serving the 5 dual roles of a food collecting apparatus and a site of gaseous exchange with the water. The 6 pharynx walls are thick and perforated by abundant tiny oval stigmata. The simple heart, the 7 gonads (in adult specimens), the short oesophagus, the stomach and the tubular intestine are 8 placed in the abdominal part of the organism. The stomach walls are covered with orange 9 glandular tissue which forms a simple liver or hepatic organ (Goodbody, 1974) .
10
Research on tunicates has shown that these organisms selectively accumulate certain trace 11 elements from the marine environment. The high concentration factors found for some 12 elements (iron, cobalt, zinc, selenium, vanadium) support the use of tunicates as models in 13 environmental studies of trace metals (Papadopoulou and Kanias, 1977) . The objectives of the study were:
24
• to clarify tissue-, species-and concentration-dependent accumulation of cadmium 25
• to quantify the response to elevated Cd concentrations using metallothioneins 26 Three concentrations of Cd in seawater were used. Counting Systems). Energy windows were set taking into account both energy maxima.
6
Counting time was adjusted to 1 min, giving counting efficiency 17%. Optimal geometry was 7 ensured by setting an elevator position to 3, which is recommended for use with sample 8 volumes between 0.5 and 1.5 ml. The activity of all samples was corrected for background.
9
The amount of Cd associated with each tissue was calculated using the relationship between 10 known Cd concentration in Cd-stock solutions and respective γ-activity. The particulate fraction, the microsomal fraction and an aliquot of the cytosolic fraction were 31 placed in γ-vials and counted immediately for γ-emission. The reminder of the cytosol was 32 divided into aliquots and frozen at -80ºC. Care was taken to avoid thawing-refreezing cycles 33 and cytosols used for further processing and analyses were only frozen once. The protein contents in the cytosols were determined by the method described by Lowry et al.
13
(1951) using a kit from Bio-Rad (on microplate reader THERMOmax, Molecular Devices).
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Isolation and measurement of metallothioneins
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The S50 fraction from each tissue and exposure group was diluted (10 times for blue mussels 17 and sea stars, and 5 times for sea squirts) in 0.9% NaCl. adductor muscle (Serra et al., 1999) . In the present study hepatopancreas (viscera) was found 32 to accumulate higher levels than the gills at all exposure levels, presumably due to a longer 33 exposure period. Correspondingly to the present study, it has been shown earlier that 34 cadmium concentrations in gills were higher than in foot after 7 days of exposure to 0.6, 1.0 35 and 1,6 µg Cd L -1 , i.e. gills respond more readily than foot to the elevated concentrations in 1 the surrounding marine environment (Odžak et al., 1994) .
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In the field study of metal accumulation in the Lagoon of Venice, in M. galloprovincialis the 3 examined heavy metals were generally more concentrated in the digestive gland than in the 4 gills. In particular, the concentrations of Mn, Fe, and Cd were always significantly higher in 5 the digestive gland (Irato et al., 2003) . Similarly, it has been observed that in the mussels from 6 the Mar Grande of Taranto the hepatopancreas was the preferential organ for accumulation of 7 metals, while gills and mantle contained lower concentrations which were comparable 8 (Cardellicchio et al., 1988) . The comparison of the accumulation of metals in the mussels 9 caged in the field and maintained in the laboratory was possible, since it has been shown that 10 they generally display a similar metal absorption efficiencies (Fisher et al., 1996) . 11 12 In sea stars, the body wall contained the highest concentrations of Cd at all exposure 13 treatments, although the relative increase in its concentrations was less than in pyloric ceaca The lowest Cd body burdens were found in pyloric caeca in all exposure treatments, with a 24 significant increase up to 21.5% (median value) at the highest exposure level. The highest Cd 25 body burden was found in external tissues (body wall), although a marked decrease (down to 26 52%, median value) was observed at the highest exposure level ( Figure 2B ). There were no 27 statistically significant differences between treatments in Cd accumulation in the skeleton. However, it has also been found that the body wall is a metabolically active organ, and its 7 energetic requirement is a significant component of the energetic requirements of the 8 organism (Saito and Watts, 1989) . The highest Cd tissue burden was found in tunic in all exposure treatments, but there were no 30 statistically significant differences between the treatments. Cadmium burdens in the intestine 31 and the branchial pharynx were similar with no significant differences between the three 32 treatments ( Figure 3B ).
33
Similarly, distribution of Cd levels between different tissues of Cd Comparing the three species, the highest accumulation of 109 Cd was found in blue mussels, 7 followed by sea stars and sea squirts (Figs. 1A, 2A and 3A) . Although sea squirts are filter 8 feeders as are blue mussels, 109 Cd accumulation in their tissues was significantly lower than in 9 the tissues of blue mussels. This result could be due to slower filtration rates, a less efficient 10 uptake of cadmium over the gills, a regulation mechanism for cellular cadmium accumulation 11 or through more effective excretion mechanisms in the sea squirts. In another ascidian 12 species, it has been suggested that it responds to the adverse conditions by closing the 13 siphonal apertures, which would decrease uptake (Agell et al., 2004 During the exposure experiment a significant decrease of radioactivity in aquaria with blue 21 mussels was observed (even down to 30% of initial radioactivity measured at the zero-day of 22 exposure), which was caused by the large filtration capacity of the mussels (Table 1) . Since 23 the sea squirts were present in these aquaria, they could also be responsible for removal of 24 109 Cd, but not as much as the mussels. Reported filtration rates of C. intestinalis range from 25 about 2 to 5.5 L g -1 d -1 (Goodbody, 1974) , which is a factor 26 to 36 lower than reported for et al., 1995) . Given their high filtration rates, 27 mussels will process large volumes of water, and so uptake from the dissolved phase may 28 contribute significantly to metal accumulation in mussels. In aquaria with sea stars 109 Cd 29 radioactivity measured on the 9 th day of exposure was in the range from 61% to 75% of initial 30 radioactivity (Table 1) .
In organisms exposed to waterborne cadmium several pathways of uptake could be involved: 33 across the entire body surface of the organism, across specialised respiratory structures, or 34 across the digestive epithelium. Although it cannot be based on the current evidence, most probably the predominant pathway of uptake would involve the structures which would be in 1 direct contact with seawater, like gills in M. edulis, or branchial pharynx in C. intestinalis.
2
The route of metal uptake will influence both distribution of metals in tissues of an organism 3 and toxicity of the metal (Brown and Depledge, 1998; Wang and Fisher, 1999) . The uptake of 4 heavy metals from solution is generally thought to be a passive process not requiring energy 5 (Phillips and Rainbow, 1993) . In addition to ion channels, some non-essential metals such as 6
Cd may also be taken up through active transport pumps for essential metals. This will occur 7 for heavy metals with similar free ion radius as a major metal. Calcium pumps may, therefore, 8 be a significant uptake route for cadmium (Simkiss, 1998) . 9 10 Cadmium is a non-essential metal and is, therefore, accumulated from the surrounding water 11 by all aquatic organisms that depend on water for the exchange of ions and gases (Rainbow, 12 1985 S50 fraction (cytosol). In blue mussels, sea stars and sea squirts exposed to waterborne Cd, 28 the metal was primarily found in the soluble fraction (Table 2 ). Cadmium increased in the P1 29 fraction of the digestive gland of blue mussels at the highest exposure concentration, and (Table 2) . No statistically significant differences between treatments in subcellular distribution of Cd were found in gills of blue 1 mussels, pyloric caeca of sea stars or intestinal organs of sea squirts. shown. In the elution profile of the digestive gland of blue mussels exposed to 0.05 µg Cd L -1 , Contrary to the results for digestive gland, three peaks of proteins were present in the elution 6 profiles of gills of blue mussel exposed to 0.05 µg Cd L -1 ( Figure 4B ). This showed that even 7 in the low Cd exposure considerable amount of Cd (about 25%) was associated with both 8 proteins of apparent size14 kDa, and HMW proteins ( Figure 4A ). At the highest Cd exposure 9 only 8% of the Cd was associated with 6 kDa proteins, while the major part of the Cd was 10 associated with the broad peak of proteins with MW between 10 and 25 kDa. Studies on polymorphism of metallothioneins in the digestive gland of indigenous mussels 29 and experimentally Cd-exposed mussels M. galloprovincialis (200 µg Cd L -1 , 14 days) have 30 shown that in Cd-exposed mussels the larger proportion of Cd was bound to the MT-20 than cadmium-binding isoform in the gills of cadmium-exposed mussels (200 µg Cd L -1 , 21 days) pool, i.e. MT dimer (Geret and Cosson, 2002 In elution profiles of the cytosol of pyloric caeca from sea stars exposed to 0.05 µg Cd L -1 , the 10 peak of proteins with MW∼6 kDa contained the largest part of the accumulated cadmium Sephadex G-75 column produced only one cadmium-containing peak with a molecular weight 8 of about 6 kDa. In untreated controls the cadmium peak was much smaller, whereas the 9 remaining elution pattern was comparable (Liebrich et al., 1995) . In both tissues from blue mussel there was a statistically significant difference between the 19 control group and the group exposed to 50 µg Cd L -1 . The levels of MT were higher in 20 digestive gland than in gills ( Figure 5A and 5B).
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The measurement of metallothionein induction in mussels has been shown to be a viable only to some extent, since the real environmental situation is complicated by the presence of a 32 mixture of contaminants and blue mussels will be affected by other factors, e.g. food 33 availability, temperature and salinity.
34
In the pyloric caeca of the sea star a comparison of all groups vs. control group showed 1 statistically significant differences between all of them ( Figure 5E ). This was the most 2 striking result, where exposure of only 0.05 µg Cd L -1 during 21 days resulted in a relative 3 increase of MT of 1.9 times, and furthermore 1000 times higher exposure concentration 4 caused the same increase in MT level ( Figure 5E ). In the intestinal organs of C. intestinalis there was a statistically significant difference 21 between control group and group exposed to 50 µg Cd L -1 ( Figure 5C ), while in the branchial pharynx the highest exposure concentration did not induce the highest MT level ( Figure 5D ).
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On the contrary, in the branchial pharynx of C. intestinalis there was a statistically significant 24 difference between control group and group exposed to 2 µg Cd L -1 ( Figure 5D ). Environmetns. Chapman and Hall, London, Cardellicchio, N., Brandini, E., Di Leo, A., Giandomenico, S. and Annicchiarico, C., 1998.
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